Securing economically and ecologically significant molluscs, as our oceans warm and acidify 8 due to climate change, is a global priority. South eastern Australia receives warm water in a 9 strengthening East Australia Current and so resident species are vulnerable to elevated 10 temperature and marine heat waves. This study tested whether oysters pre exposed to 11 elevated temperature or heat stress enhances resilience to ocean warming later in life. Two 12 Australian species, the flat oyster, Ostrea angasi, and the Sydney rock oyster, Saccostrea 13 glomerata, were given a mild dose of warm water or "heat shock" stress in the laboratory 14 and then transferred to elevated temperature conditions where we used the thermal outfall 15 from power generation as a proxy to investigate the impacts of ocean warming. Shell 16 growth, condition index, lipid content and profile and survival of oysters was impacted by 17 elevated temperature in the field, with flat oysters being more impacted than Sydney rock 18 oysters. Flat oysters grew faster than Sydney rock oysters at ambient temperature, but were 19 more sensitive to elevated temperature. Early exposure to heat stress did little to 20 ameliorate the negative effects of increased temperature, although the survival of heat 21 shocked flat oysters was greater than non-heat shocked oysters. Further investigations are 22 required to determine if early exposure to heat stress can act to inoculate oysters to future 23 stress and overall enhance resilience of oysters to ocean warming. 24 45
Introduction
Climate change, the result of anthropogenic activities such as the burning of fossil fuels and 26 deforestation, has exponentially increased the concentration of carbon dioxide (CO 2 ) and 27 other greenhouse gasses in the atmosphere [1] . Since the onset of the industrial revolution, 28 atmospheric partial pressure of CO 2 (pCO 2 ) has increased from 280 ppm to 410 ppm causing 3 29 global warming with direct impacts on the oceans [1, 2] . As a result, the world's oceans have 30 warmed by 0.68°C and for the East Australian coast are predicted to increase by up to 4°C by 31 2050 and 6°C before 2100 [3, 4] . Ocean warming and the increased incidence of heatwaves 32 (abnormal high temperatures over multiple days [5] ) negatively impacts diverse species [6] . 33 Between 1925 and 2016 there has been a 54% annual increase in the duration of marine 34 heatwaves worldwide [7] . Climate change is also impacting ocean stratification, currents, 35 salinity, pH, sea level and increasing the frequency of extreme events [1, 7, 8] . 36 Increasing frequency of thermal stress events will have consequences for fitness and 37 survival of marine species and there is concern for habitat engineers such as bivalves and 38 oysters [6, 9] . If oysters and other molluscs are to persist during this century along the 39 southeast coast of Australia and in similar "hot spots" around the globe, they will need to be 40 resilient to marine heat waves and habitat warming. It has been suggested that organisms 41 can build resilience to environmental stress, through exposure to stress in early life. Studies 42 have found that exposure to a mild stress early in life can result in later life stress resistance 43 [10, 11] . Rather like a vaccination or inoculation, resistance to stress after exposure to mild 44 stress in early life has been observed in a diverse array of organisms such as bacteria, plants, maculosus which after exposure to a +12°C heat stress had greater survival rates when 48 exposed to subsequent stressful levels of high salinity and low oxygen concentration 49 compared with fish that did not experience the heat shock [10] . The magnitude of the shock 50 and recovery time played an important role in the stress response later in life [10] . Baltic 51 Sea mussels Mytilus edulis, exposed to heat shock (+16°C) and then exposed to cadmium (20 52 µg L -1 ) produced heat shock proteins at a faster rate than mussels not exposed to heat stress 53 [15] . Stress resistance may be enabled by production of protective heat shock proteins (e.g. 54 HSP 70), although this is energetically costly. The mechanisms behind stress inoculation, are 55 complex and likely not limited to production of heat shock proteins. Other processes such as 56 alterations in metabolism and epigenetics are also thought to be involved [16, 17] . 57 While mobile species can migrate changing their distribution as the ocean warms, sessile 58 species are vulnerable because they are unable to move and the dispersive larval stages are 59 often short-lived [18, 19] . It is predicted that sessile organisms such as oysters, which form 60 the basis of aquaculture across the globe, will be impacted by elevated temperature, 61 because of the energetic cost to physiological performance from climate change stress [20, 62 21]. Already, significant mortality has been reported for the north American oyster 63 Crassostrea virginica exposed to elevated temperature, due to impacts on energetic 64 Australian Current (EAC), which is strengthening [37, 38] . This region is considered a "hot 81 spot", as the rise in mean temperatures will be 3-4 times higher than the average for the 82 world's oceans and is also prone to marine heat waves [7, 38, 39] . 83 The purpose of this study was to test the hypothesis that early exposure to heat stress or 84 heat shock can be used as a mechanism to build resilience of O. angasi and S. glomerata to 85 subsequent long-term exposure to warmed seawater. We used the thermal outfall from a 86 power generating station as a proxy for ocean warming conditions as in previous studies 87 [40] . Due to their different thermal ranges, distributions and habitats we predicted that S. 88 glomerata will be more resilient than O. angasi to elevated temperature. As momentum 89 gains to restore oyster reefs [31], knowledge of oyster responses and how to build resilience 90 is needed to ensure sustainability of restoration efforts and the aquaculture industry. To determine if exposure to heat shock would confer subsequent resilience to long term 106 exposure to elevated temperature, the following heat shock protocol was used. The oysters 107 were divided into two sub-groups; one "control" and a "heat shocked" group per species 108 into 750L tanks. Heat shock was administered by exposure to an elevated temperature of 26 109°C for 18 hours and then 28C for 6 more hours by slowly ramping up the temperature using 110 aquarium heaters (Titan G2 1500 W). This was an initial +6C (from 20 to 26C) and a 111 further increase of +2C (from 26°C to 28C). There was no mortality following heat shock 112 treatment. Following the 24 hours at elevated temperature, the water was left to slowly 113 cool to ambient (20°C). Oysters were submerged in ambient water overnight in the 114 laboratory. On the following day, they were placed in baskets and left submerged at 115 ambient conditions, in the adjacent estuary of PSFI (Tilligerry creek, Port Stephens) which 116 remained at 20 °C for one week. After this period, they were removed and shell height was 117 measured with a digital calliper. 118 A total of 40 oysters were randomly placed in baskets (600 x 250 x100 mm) divided into four 119 compartments with 10 "control" O. angasi and 10 "control" S. glomerata which were 120 exposed to ~20°C at all times, 10 "heat shocked" O. angasi and 10 "heat shocked" S. 7 121 glomerata, which were exposed to elevated temperature for 24 hours. The baskets were 122 transported and deployed into Lake Macquarie (33.07'94", 151.54'85", Figure 1 ). 129 To determine the response of oysters in the real world of elevated temperature, we used 130 warmed water released into a saline coastal lake by two power stations at Lake Macquarie, 131 NSW. Lake Macquarie is a large coastal body of water in the centre of East Australian 132 warming "hot spot". Lake Macquarie is connected to the ocean and has daily tidal exchange. 133 There is little freshwater input from the surrounding catchment [42] . Two coal fired power 134 stations are located 23 kilometres apart on the shore of Lake Macquarie. Eraring power 135 station is located in Myuna Bay (33° 4'2.92"S, 151°33'19.13"E) and Vales Point power station 136 is located in Wyee Bay (33° 9'30.65"S, 151°31'48.37"E). Both stations use seawater from 137 Lake Macquarie for cooling. The seawater is circulated for cooling and then released back 138 into the estuary with no other treatment at a maximum of 37.5 °C as per licence 158 To determine if exposure to heat shock confers subsequent resilience to long term exposure 159 to elevated temperature on growth and condition index. measurements of oysters were 160 done at the end of seven months of exposure in the field experiment. 161 There was no difference between shell height of oysters randomly allocated into heat shock 162 and control (non-heat shock) treatments (One-way ANOVA comparing heat shock vs non- To determine if exposure to heat shock would confer subsequent resilience to long term 178 exposure to elevated temperature on standard metabolic rate (SMR), the SMR of 9-11 179 oysters of each species, treatment and basket (total 51 oysters; heat shock and control/non-180 heat shock) were measured at the end of the experiment using the methods of Parker et al. 181 [33]. Measurements were done adjacent to the locations of collection to minimise stress of 182 transport and to use seawater from Lake Macquarie. 183 To calculate SMR, oxygen consumption was measured by a closed respirometry system 184 (OXY-10 PreSens, AS1 Ltd, Regensburg, Germany). Seawater was collected from Lake For shell growth, condition index, SMR, and total lipids, data were analysed using a three 242 factor PERMANOVA with "heat shock" as fixed factor with two levels (heat shock or control), 243 "temperature" as fixed factor with two levels (ambient and elevated), and "basket" as 244 random factor with two levels (basket 1 and basket 2) nested in temperature and heat 245 shock. The analysis used 9999 permutations and only results with significance lower than 246 0.05 were considered as statistically different. The percentage survival at seven months was 247 analysed using a two factor PERMANOVA with heat shock as fixed factor with two levels 248 (heat shock or control) and temperature as fixed factor with two levels (ambient and 249 elevated).
Field location

Shell growth and condition index
250
The composition of lipid profiles were fourth root transformed to limit the influence of large 251 numbers [49] and analysed using a four factor multivariate PERMANOVA using the same 252 model as above; with heat shock as fixed factor with two levels (Heat shock or control), 253 temperature as fixed factor with two levels (control and elevated), and basket as random 254 factor with two levels (basket 1 and basket 2) nested in temperature and heat shock. The 255 analysis used 9999 permutations and only results with significance lower than 0.05 were 256 considered as statistically different. (Figure 3a ). Mean shell growth (mm day -1 ) was 0.10 ± 0.01 272 mm day -1 (mean ± S.E) at ambient temperature compared to 0.02 ± 0.01 mm day -1 and 0.01 273 ± 0.008 mm day -1 at elevated temperatures (Figure 3a) . At ambient temperature, O. angasi 274 which were heat shocked had lower growth than non-heat shocked oysters (Table 1a) and 275 there was a trend for heat shocked O. angasi to have greater growth than non-heat shocked 276 oysters at elevated temperature, but this was not significant. Shell growth of S. glomerata 277 was not affected by temperature or heat shock (Figure 3b , Table 1b The condition index of both O. angasi and S. glomerata was significantly lower at elevated 292 temperature (Figure 4a ,b, Table 1a ,b) with no effect of heat shock treatment, although 293 there was a slight trend for heat shocked O. angasi oysters at elevated temperature to have 294 better condition. temperature, but this was not significant (Figure 5a ; Table 1a ). SMR of control, non-heat 301 shocked S. glomerata was greater at elevated temperature, but this was not significant 302 ( Figure 5b , Table 1b ). Mean total lipid content of O. angasi was greater at in those from the elevated temperature 310 treatment compared to those held ambient (Figure 6a , Table 2a ). There were no effects of 311 heat shock or temperature on total lipid content in S. glomerata (Figure 6b , Table 2b ). Lipid 312 profile of O. angasi, was mostly driven by a greater amount of phospholipids in the oysters 313 in the elevated temperature treatment (Figure 7a , Table 2a ) and significantly lower amounts 314 of TAGs (Figure 7a ). Lipid profile of S. glomerata was similar across ambient and elevated 315 temperatures, but there were significantly greater phospholipids at elevated temperature 316 (Figure 7b , Table 2b ). 
Survival
334
Survival of heat-shocked O. angasi was significantly greater than non-heat shocked oysters 335 at ambient and elevated temperature (Figure 8a ; Table 3a ). At the ambient and elevated 336 temperature locations, survival of O. angasi was greatest for the heat shocked oysters 337 (Ambient, control oysters = 90% and heat shocked oysters= 100%; Elevated, control = 53% 338 and heat shocked = 80%). Survival of S. glomerata was significantly lower for control oysters 339 at ambient temperature compared to heat-shocked oysters (Figure 8b , Table 3b ). glomerata also decreased when exposed to the dual stress of elevated pCO 2 and copper 398 [56] . Further research on how lipids are used by oysters in response to stress could provide 399 insights into the ramifications of living in warmer oceans. 400 401 This study tested the hypothesis that pre exposure of oysters to heat shock stress will build 402 resilience to later exposure to elevated temperature. Stress inoculation leading to stress 403 resilience has been observed in diverse phyla from bacteria to mammals e.g. 
Discussion
Stress inoculation, and resilience
